Abstract A standard technique for locating events with T phases is to pick the peak energy of T phases as the arrival time, then proceed as if it was an unscattered phase originating at the epicenter. The peak energy arrival time, however, can shift to different parts of the wave train due to incoherent scattering. We show that a 50% reduction in variance relative to picks of peak arrival times can be achieved by fitting an assumed functional shape to the log of the entire envelope of the T phase.
Introduction
The T phase is a seismically generated acoustic wave that propagates over great distance in the ocean water column (SOFAR channel) with little loss in signal strength (Tolstoy and Ewing, 1950) . When seismic energy crosses the seafloor interface into the overlying water column, part of the energy is trapped in the ocean water column. According to ray theory, the transmitted acoustic energy from seismic energy propagates almost vertically due to the great velocity contrast between crust and water. Although T phases have been observed for a long time, the coupling mechanism from almost vertical acoustic wave to horizontal T phase is still not thoroughly understood. Two possible physical mechanisms have been proposed to explain how the energy can propagate horizontally and become trapped in the sound fixing and ranging (SOFAR) channel. One of them is downslope conversion (Johnson et al., 1963; Talandier and Okal, 1998 ): acoustic energy experiences multiple reflections between the sea surface and sloping seafloor, gradually propagating more horizontally. The other is seafloor scattering (Walker et al., 1992; de Groot-Hedlin and Orcutt, 1999 ): seismic energy is scattered into the ocean sound channel from rough seafloor close to the epicentral region, exciting modes with dominant displacement in the water column. This scattering process may also be represented by coupling and conversion between modes (Park and Odom, 2001) . Although the detailed mechanism for generating the T phase at the seafloor is not thoroughly understood, many empirical studies are still done using T-phase data to locate seismic sources or estimate source strength.
Since there is little loss in signal strength of T phases when propagating through the water column, they can be used to detect and locate the oceanic seismicity associated with small tectonic events that cannot be sensed by landbased seismic stations (Fox et al., 1994) . T phases have been used in a large number of investigations in the field of oceanic tectonics and volcanism: monitoring activity of seafloor spreading centers at the Juan de Fuca Ridge (Fox and Radford, 1995) and at Mohns Ridge (Blackman et al., 2000) , detection of submarine volcanism (Norris and Johnson, 1969; Talandier and Okal, 1987; Talandier and Okal, 1996) , and so on. The most basic issue in these studies is how to locate events accurately using T phases. One standard way to locate earthquakes using T phases is to pick the peak energy as the arrival time of the T phase, then proceed as if it were an unscattered and undispersed phase originating at the epicentral area despite the fact that the typical T phase has durations of tens of seconds, growing gradually in amplitude after an unclear onset. Such an approach has been shown to have no apparent bias in epicenter location (Slack et al., 1999; Fox et al., 2001 ). Due to incoherent interference between waves excited or scattered from different locations, however, the peak energy arrival time can shift to different parts of the wave train even for stations only a few kilometers apart, forcing operator identification of particular features in the waveform.
On 3 December 1995, three events in a swarm at the northern end of the Easter microplate were large enough to be located teleseismically ( Fig. 1) and cataloged in the routine earthquake bulletins of the National Earthquake Information Center and the International Seismological Center: an m b 3.9 foreshock, the 4.7 mainshock, and a 4.1 aftershock. Ocean-bottom seismometers (OBSs) deployed by the Mantle Electromagnetic and Tomography (MELT) experiment (MELT Seismic Team, 1998) (Fig. 1 ) recorded this swarm, and these records provide us the unique opportunity to study the ability to detect and locate events using T phases. T phases from many other events were also detected during the experiment (Shen, 2002) , but this swarm offers the best opportunity for comparing T-phase locations with those based on surface waves and teleseismic arrivals.
The purpose of this study is to develop an empirical function to fit the envelope of T phases to better estimate their arrival time and maximum amplitude. Then, we can detect and locate events in the swarm using T-phase arrival times and analyze the relationship between T-phase maximum amplitude and earthquake size. To evaluate the reliability of T-phase locations, we compare these locations with those based on surface waves. In order to understand the Tphase excitation so that our empirical technique could be applied to a more general tectonic setting, the mechanism of T-phase excitation is discussed and a simple illustrative model is developed to synthesize the T-phase coda.
MELT OBS Array
In 1995-1996, the MELT Seismic Team deployed two linear arrays of OBSs across the southern East Pacific Rise to investigate magma generation beneath midocean ridges (Fig. 1) . Each station was equipped with a three-component seismometer as well as either a hydrophone or differential pressure gauge (DPG), although not every component functioned properly at every station. These OBSs recorded continuously and thus captured the entire earthquake sequence at the northern end of the Easter microplate, including the three events large enough to be reported in earthquake bulletins (Fig. 1 ). These records show many small events large enough for T phases and surface waves to be recorded, even though body waves (P and S) normally used in location do not stand out above the noise. There are many even smaller events only large enough to be detected by T phases.
The vertical component records are used for analysis of T phases instead of hydrophone data because approximately two-thirds of the pressure recorders were DPGs and DPGs have poor high-frequency response. Although in detail there are some differences in the waveforms of T phases recorded simultaneously on both hydrophones and vertical seismom- eters, the overall character and peak energy arrivals are the same. Although the T phases are traveling primarily horizontally, any minute pressure change in the water column at the seafloor induces some component of vertical motion. The sampling frequency of the OBSs is 16 samples per second, limiting our study frequency to at most 8 Hz. Further distortion is introduced by analog, antialiasing filters; thus we limit our T-phase analysis to 2-6 Hz, even though T phases have been observed with higher frequencies. The OBS records are supplemented by T phases recorded at Global Seismic Network (GSN) station RPN on Easter Island (Fig. 1) , giving a much broader azimuthal distribution.
T Phases Recorded by the OBSs
A quick examination of the smoothed envelopes of T phases from the mainshock at the northern end of the Easter microplate recorded at some of the OBSs illustrates the great variability in the waveforms, even at nearby stations (Fig. 2) . One traditional way of picking arrival times is to pick the peak energy arrival. Closely spaced stations S14 and S16 ( Fig. 1 ) both have clear, narrow arrivals of peak energy, 20-30 sec after the onset of the T phase (Fig. 2) . The time difference between arrival times of these peaks, however, is too great to be consistent with a single direct wave traveling to stations whose distances to the epicenter differ by less than 3 km (the stations are about 10 km apart; total epicentral distance is on the order of 650 km). The envelopes at other closely spaced station pairs have even less resemblance (see S33 and S35 in Fig. 2 ). This great variability in waveform probably stems from the interference of multiple-mode waves traveling from multiple points of excitation or transmission on the seafloor near the source, effectively creating signal-generated noise in the waveshape.
If the noise in the envelope shape is signal generated, then it should increase in amplitude with increasing amplitude of the signal and it should be approximately lognormal. Figure 3 demonstrates that this is the case; for a typical station, after taking the log of the envelope, noise is approximately constant throughout the record. There is an overall gradual growth in amplitude of the envelope, followed by an even slower gradual decay. Specific peaks in amplitude of the envelope correspond to fortuitous constructive interference between waves and should not be assigned any great significance, that is, should not be viewed as characteristic times to be picked in locating the event. When viewed in logspace, the individual peaks in amplitude appear as nothing more than minor noise fluctuations on the overall pattern of growth and decay of the envelope.
The overall pattern of growth and decay of the envelope of T phases is probably the result of seafloor scattering. The bathymetry in the vicinity of the source locations in the swarm is rough on a small scale but is relatively uniform in depth, with no more than 1-km relief between peaks and troughs of fracture zone ridges and valleys. There is no big promontory around the source location extending up into the There is an overall gradual growth in amplitude of the log of the envelope, followed by an even slower gradual decay.
SOFAR channel that would be a dominant location for excitation of hydroacoustic energy. Hence, seismic energy scattered into the water column at the seafloor should decrease systematically with the distance of scattering points from the epicenter. The scattering points with the strongest energy lie near the epicenter and result in the maximum amplitude arrival of the T-phase envelope. However, the strongest scattering point may deviate from the epicentral point in the presence of small-scale variations in bathymetry. The energy in the growth part of the T phase comes from the scattering points that are closer to stations, because the seismic waves travel faster in the rock than acoustic waves in the water column, whereas the energy in the decay part comes from scattering points that are farther from stations, or, as we shall see later, from scattering after multiple reverberations. Thus the arrival time of maximum amplitude should correspond to the arrival time of T phases traveling from the epicenter to a station. The problem is how to best estimate this maximum in the presence of interference that can shift the absolute peak.
Empirical Model
Our solution to the problem of identifying the peak of the envelope is to fit an empirical function to the shape of the envelope, thus utilizing the entire signal, not just a single peak. The overall, approximately linear growth and slower gradual decay of the log of the envelope suggests fitting the signal with an empirical function of exponential growth followed by decay with a different time constant. We find that the decay of the log of the envelope tends to be more rapid at the beginning than later, so a simple exponential decay is not an adequate description. The envelope is thus described by background noise plus exponential growth followed by modified exponential decay with a different time constant.
The amplitude of the envelope, A(t), as function of time is given by 1/2 ‫{2מ‬t ‫מ‬ t}
where A 0 is the amplitude of background noise, A 1 is the maximum amplitude of signal, t 0 is the characteristic arrival time of peak, t b is the characteristic growth time, t c is the characteristic decay time, and c is the coefficient modifying decay. Since both background noise and signal have random phase, we consider the amplitude of the envelope as the root mean square of these two contributors instead of adding the amplitude of noise and signal linearly.
An additional factor would have to be added for large earthquakes with long-duration sources, but the largest earthquake in this study is m b ϳ4.5, for which the source duration is negligible compared to the duration of the hydroacoustic signal (Okal and Talandier, 1986) .
Thus, instead of basing the pick of arrival time on a particular peak amplitude, which may depend on highly variable wave interference or excitation from a single bathymetric feature, we base it on the overall shape of the signal, identifying the peak of the model shape as the arrival time after optimizing amplitudes, growth, and decay times.
Evaluation of the Empirical Model
The least-squares fitting of the function is performed on the log of the envelope so that residuals or error will be approximately normally distributed and undue emphasis will not be placed on trying to match an individual peak in amplitude caused by random, constructive interference. Figure  4 shows an example comparison of the log of the model amplitude envelope and the log of the observed amplitude envelope. As is demonstrated, the log of the model amplitude envelope is in good agreement with the log of the observed amplitude envelope. In finding the optimum fit, that is, inverting for the best values of the model parameters, we employ a grid search for t 0 because the shift in slope of the function at this point makes the problem highly nonlinear, leading to local minima that defeat usual, simple approaches to finding the absolute minimum misfit. At each trial value of t 0 , we perform a standard, linear, iterative least-squares inversion for the values of the other parameters; an approach that always converges rapidly.
One way to judge the quality of arrival time picks is to examine the variance of the travel-time residuals. Within the array, travel times are a linear function of epicentral distance ( Fig. 5 ) and the residuals from a linear fit are equivalent to travel-time residuals. Arrival times based on the peak of the model function yield a small reduction in variance compared to arrival time based on picking the peak energy ( Fig. 6 ), allowing different characteristic t b , t c , and c for each record. The amplitude (A 1 ) tends to decrease somewhat with increasing epicentral distance (Fig. 7a ), but it has no apparent variation with azimuth or depth of receivers and the scatter due to local site and instrument responses dominates the variance over the relatively small distance and depth ranges in this experiment. More importantly, for the purposes of event location, the overall shape of the envelope is nearly constant. Note, for example, the overall similarity between the envelope for station S30, the deepest and one of the most distant stations, and that for S50, one of the shallowest and closest (Fig. 2) . No systematic variation of t b , t c , or c with epicentral distance or water depth of the receiver is found (Fig. 7) ; thus the overall shape may be regarded as a characteristic of excitation in the source region, little modified by propagation, at least in the distance range represented in this experiment. Because there is no systematic trend and there is trade-off or covariance in the inversion between arrival time, and growth time, decay time, and decay coefficient, we try fixing the growth (t b ), decay time (t c ), and decay coefficient (c) to the average value of all the seismograms. We note that the trade-off between decay time and decay coefficient is particularly large; thus in the inversion we first fix c to the average value for all the seismograms, then invert to get the average values for all the seismograms of t b and t c , and finally fix all three parameters. Eliminating the trade-off in arrival time with other factors by fixing the shape in this way yields a dramatic reduction in variance of about 50% compared to picking the peak arrival time (Fig. 6) . Clearly, fitting a functional form to the envelope yields much more stable arrival time picks, which should significantly improve estimates of epicentral location based on T phases.
This reduction in variance of the travel-time residual and the lack of systematic dependence on epicentral distance, sensor azimuth, or sensor depth indicates that the shape is principally generated at or near the source during excitation. The variations of t b and t c from the average may indicate the shape is somewhat modified due to local scattering and propagation effects in the vicinity of the stations. We notice no significant variation in the shape of the envelope for different frequency bands, and the shape at island station RPN is indistinguishable from the OBS population, indicating that the excitation time function is nearly independent of mode.
Further improvement would be possible if the variability in waveforms at individual stations could be predicted. The potential for improvement can be demonstrated by a comparative or relative event study of closely spaced events. Here we describe results from the mainshock and two of the aftershocks in the earthquake sequence at the northern end of the Easter microplate. Using the fixed-shape approach to picking arrival times, we find arrival times for each event. In addition to picking times at the OBS stations, we also pick arrivals at GSN station RPN, which is a similar distance away to the southeast (Fig. 1) . RPN lies in the middle of Easter Island about 5-10 km from the shore, so there must be conversion from acoustic waves to seismic waves at the sloping seafloor off the northwest shore (Talandier and Okal, 1998) . In this study, however, we employ a relative location technique and only need to obtain the arrival time relative to the mainshock. Since the events within this swarm are very close to each other, the station correction or delay at RPN is common to all events and can be ignored. Taking the time difference between different events at the same station, we find differential times that are used to find relative event locations of the aftershocks relative to the mainshock. For T-phase velocity, we assume it is equal along all the paths from epicenter to stations, a reasonable assumption, since, in this entire study region, the water depth is relatively uniform and the variations of water temperature, pressure, and salinity are slight. We estimate the T-phase velocity from the slope of the travel-time-versus-distance regression of T phases.
The variance from residuals of the relative event locations is much smaller than the travel-time residuals for a single event (Fig. 6 ), indicating that there are systematic variations in waveform that are characteristic of particular stations and paths. Since the overall paths for closely spaced station pairs are similar, yet the envelopes can be significantly different, most of these differences must arise near the receivers. Although our approach of fitting functional forms to the envelope is very different, the variance we find in this way is similar to that found by Shen (2002) in relative event locations accomplished by cross-correlating the observed envelopes of T phases.
Comparison between T Phase and Surface-Wave
Relative Locations
Using the fixed-shape approach and the relative location techniques stated earlier, we locate the 10 largest events within the swarm (Table 1 ). Figure 8 shows a plot of the 95% confidence ellipses for the locations relative to the mainshock. The T-phase epicenters of these events form two clusters about 25 km apart (Fig. 8a ) that appear to be located on two transform faults striking about N80ЊE .
This separation is larger than would normally be expected for a swarm on a midocean ridge, calling into question the reliability of these locations. To test the precision of location, we have also performed relative event locations of these events using Rayleigh and Love waves observed at teleseismic stations. We simply cross-correlate the waveforms of the reference event, chosen to be the largest event, with the waveforms of other events to find relative arrival times. In the frequency band we employ, 0.02-0.05 Hz, and for the separation between events of this swarm, dispersion effects can be neglected. We employ phase velocities for young seafloor from Nishimura and Forsyth (1989) as the characteristic velocity in the source region for the calculation of locations. Waveforms from different events in the sequence are very similar (Fig. 9) , indicating that the mechanisms and depths are similar. There is a good azimuthal dis- tribution of stations ( Fig. 10 ) with adequate signal-to-noise ratio, yielding very precise relative locations. The surface-wave relative locations of these 10 events (Table 1 ) also show two clusters of events separated to the same extent (Fig. 8b) . The two clusters based on T phases and surface waves are in agreement with the strike and separation of the Anakena and Raraku transform faults mapped with long-range, side-scan sonar (Rusby and Searle, 1995) and satellite altimetry (Smith and Sandwell, 1997) .
Comparing the 95% confidence intervals, we note the location uncertainty based on T phases is greater than that based on surface waves because the surface-wave records have a good azimuthal distribution of stations, at least one station in each azimuthal quadrant, whereas almost all the OBSs are concentrated in a single azimuthal quadrant and only one station, RPN, lies in the southern quadrants. We also note the 95% confidence intervals of the events based on T phases and surface waves do not completely overlap. However, there is no systematic bias between Tphase locations and surface-wave locations and the differ- The reference earthquake is event 10, with source parameters from the Preliminary Determination of Epicenter of the National Earthquake Information Center.
ences between them are relatively small, about only 8 km on average. The differences in location relative to the surface-wave epicenters may partly be a result of station geometry, with the great importance of RPN due to lack of redundancy to the south making locations sensitive to noise at this single station, and partly due to details of bathymetry at the source locations, which cause differences in location of the most efficient transfer of acoustic energy into the sound channel (Dziak et al., 1997) . If locations were based on the peak energy arrivals rather than the peak of the fitted function, the primary effect is to greatly increase the size of the confidence regions. Because the locations based on T phases using our method have no systematic bias, this approach should be especially useful to detect and locate small events that are not detected by other means.
A Comparison between T-Phase Maximum
Amplitude and Earthquake Magnitude Some prior studies have empirically related the peak amplitude of T phases to earthquake magnitude (Johnson and Northrop, 1966) , the mean T-wave spectral amplitude (in decibels) to seismic moment (Walker et al., 1992) , and Tphase source power level to earthquake magnitude and seismic moment (Dziak et al., 1997; Dziak, 2001; Fox et al., 2001) . These studies all found a very large scatter in observed T-phase amplitude. The efficiency of transformation from seismic energy to T-phase energy is strongly influenced by the source geometry. If linear propagation processes were assumed, the strength of the T phase would be proportional to earthquake magnitude for similar sources with similar geometries (Johnson and Northrop, 1966) . These earlier studies were handicapped by using a variety of different earthquakes in different locations with different paths and by using only reported magnitudes, thus perhaps obscuring the relationship between earthquake size and T-phase excitation.
The events within the swarm have similar source locations and similar focal mechanisms based on the radiation patterns of Rayleigh and Love waves . Although the source depth cannot be obtained directly, it is reasonable to assume the depth variation of events within the swarm is relatively small since the surface waveforms of these events are similar and the earthquakes occur on relatively short transforms on a fast-spreading ridge where the lithosphere should be quite thin. Thus, the swarm provides us sources that have similar source parameters except for magnitude.
In this study area (Fig. 1 ) the seawater depth is almost uniform, thus energy loss due to bathymetric obstruction along propagation paths from sources to the OBS is negligible. The attenuation of T phases by absorption in seawater is very small at the low frequencies (Ͻ30 Hz), only about 0.25 dB per 500 km for a 10-Hz acoustic wave in 10 ЊC seawater (Dziak, 2001) . Considering that the greatest epicentral distance is less than 900 km, attenuation by absorption in the water column is negligible. The rate of decay of amplitude with distance ( Fig. 7a) is greater than expected for geometrical spreading alone, suggesting some energy loss due to interaction with the seafloor for these phases that are recorded at the ocean bottom, but because epicentral distance to individual stations is nearly constant within the swarm, no bias between events is introduced by correcting only for geometrical spreading. We can assume the T-phase maximum amplitude variation for different events is only the result of the earthquake size difference of these similar sources. In order to reduce the possible error and increase the signal-to-noise ratio, records from a number of stations are stacked to obtain an estimate of the T-phase maximum amplitude of each event. The T phases are too high in frequency and unpredictable to stack directly. We shift the fixed-shape model from the mainshock along a time span including the entire earthquake sequence solving for A 1 at each possible value of t 0 . This yields a time series of A 1 values for each station, which are then summed according to their distance to the mainshock using the cylindrical spreading model. After this process, events stand out more clearly above the background noise. Figure 11 clearly exhibits a number of different amplitude events; there are more than 50 events detected in this swarm using this method, whereas using surface waves only about 24 events are detected at RPN or at the quietest OBSs. Here, to empirically analyze the relationship between the T-phase maximum amplitude and earthquake size, we only need care about the amplitudes relative to the mainshock rather than absolute values. Surface-wave magnitude (M S ) is chosen to represent earthquake size because it is directly proportional to the log of seismic moment for earthquakes of the magnitude found in this swarm. M S was estimated from cross-correlating the surface waves at a common set of low-noise, GSN stations down to a threshold of M S 3.5. For 2.5 Յ M S Յ 3.5, magnitudes were estimated by cross-correlating long-period waveforms at the single, nearby station RPN. The log of the T-phase amplitude is linearly related to M S in the magnitude range of this study (Fig. 12) . The scattering from this linear fit is much smaller than in the prior studies (Johnson and Northrop, 1966; Walker et al., 1992; Dziak et al., 1997) , because the mechanisms and depths are most probably similar, the paths are nearly constant, the Tphase amplitude estimated from fitting a function to the entire waveform is more stable than peak amplitudes, and surface-wave magnitude estimated from cross-correlating waveforms at common stations is less variable. Reduced scatter in T-phase amplitude versus magnitude has also been reported for nuclear tests at Mururoa atoll that share a common source location (Smith, 1987) and for the mainshock and aftershock sequence in the Bhuj area with T phases recorded by a hydroacoustic array in the Indian Ocean (Pulli and Upton, 2002) . The slope of M S versus log(A 1 ) is very close to 2. For the x 2 source model (Aki, 1967 (Aki, , 1972 , the corner frequency for displacement spectra is expected to lie between 4 and 0.05 Hz, the typical frequencies of the T phase and surface waves, respectively, for magnitudes M S between 2 and 5. If 0.05 Hz is small compared to the corner frequency and 4 Hz is large, then the slope should approach 3. For magnitudes much below 2, where the corner frequency is much larger than 4 Hz, the slope should return to 1. The fact The azimuthal equidistant projection is centered on the epicenter of the mainshock. Azimuthal coverage is good, at least one station in each quadrant, that is, better than the azimuthal distribution of stations recording T phases. that the slope is 2 rather 3 suggests perhaps that these earthquakes lack geometrical self-similarity. Instead of the width of the earthquake rupture zone increasing in proportion to length as in the usual source model, perhaps for these events on transform faults on a fast-spreading ridge, the earthquake width is limited by the thermal state of lithosphere so that the sources are essentially linear ruptures with nearly constant width.
Extrapolating the linear magnitude scale to events that are too small to detect surface waves, we find that we detect many events with M S about 2 and can clearly identify some events with magnitude as small as 1.5 during periods when they are not obscured by other events of larger magnitude.
T-Phase Excitation
To apply the empirical techniques employed for T phases in this article to a more general tectonic setting or to predict the variations in shape of the envelope that are observed at different stations requires an understanding of the mechanism of T-phase excitation. Existing models for Tphase excitation are not adequate. The basic problem is that for a flat seafloor, the transmitted acoustic energy converted from seismic energy at the seafloor interface propagates almost vertically in the water column due to the great velocity contrast between crust and water. To convert the energy to a horizontally traveling wave requires some sort of scattering at an irregular interface. Conversion and coupling between normal modes excited by an earthquake can, in principle, provide a complete description of the process (Park and Odom, 2001 ) but may be too computationally cumbersome for routine application. Similarly, numerical approaches such as finite-difference, finite-element, and boundary element methods provide insight into the physics of the process but are too computationally intensive for routine application to realistic, three-dimensional geometries.
Relatively simple conceptual models for the conversion process include downslope conversion, where multiple re- flections between the sea surface and the sloping seafloor deflect the rays horizontally (Johnson et al., 1963; Talandier and Okal, 1998) , and single scattering from a rough seafloor (Walker et al., 1992; de Groot-Hedlin and Orcutt, 1999, 2001 ). In our particular case, the seafloor is rough, nearly unsedimented basalt, as confirmed by high reflectivity on side-scan sonar (Searle et al., 1989) , but the overall topographic relief is limited. The events in the swarm occurred on the Anakena and Rarakuku transforms between the East Pacific Rise and the west rift of the Easter microplate , a region mapped with long-range, sidescan sonar (Rusby and Searle, 1995) and satellite altimetry (Smith and Sandwell, 1997) . It is unlikely that T-phase excitation is dominated by downslope conversion, because total relief in the area between the deepest fracture zone troughs and the shallowest parts of the fracture zone ridges is only about 1200 m and the envelopes have approximately the same shape for the northern and southern groups of epicenters at both the OBSs to the north and station RPN to the south. A very promising, simple approach to excitation was developed by de Groot-Hedlin and Orcutt (1999) . In their model, P-wave energy from an earthquake spreads spherically in the solid earth until it encounters the rough seafloor. Each point on the seafloor then acts as a radiator or pressure source, exciting T-phase normal modes in proportion to the product of the P-wave amplitude at that point and the relative displacement of the normal modes at that depth. In their examples, a long-duration, T-phase envelope was predicted for sources at depths of several tens of kilometers, because the P energy spread out over a large area, encountering shallow seafloor within the SOFAR channel along the arc-trench slope over an extended distance from the receivers. Applied to our tectonic setting of shallow earthquakes in a relatively flat but rough seafloor, however, their single-scattering approach fails.
The primary problems with their single-scattering model are that it neglects the fact that only a small fraction of the energy first entering the water column is converted to horizontally traveling modes at the seafloor and it predicts that the duration of the excitation, due to spreading out of the area of the insonification of the seafloor by P waves, should be proportional to earthquake depth for a subseafloor source. In our case, the events are unlikely to be any deeper than 6 km, and are more likely within the crust, because they are located on short-offset transforms on a fast-spreading center and they excite short-period Love waves (3-5 sec) that are guided within the crust (Dunn and Forsyth, 2003) . As we will show later in more detail, single scattering of P waves from a shallow source beneath flat, rough seafloor would produce a short, symmetric T phase with little resemblance to the observed, long-duration, asymmetric phases generated by the earthquakes in this study. The energy in the water column that does not travel horizontally will reflect at the sea surface and re-encounter the seafloor, where it will be rescattered.
Another limitation of the de Groot-Hedlin-Ocrutt model is that it neglects S-wave excitation of T phases. The conversion from S wave to T phase has been observed in the vicinity of downgoing slabs (Okal and Talandier, 1997; Lin, 2001) , and these studies suggest that in these particular settings S-wave conversion dominates over P-wave conversion. In general, for shallow sources where there is little distance in which the S wave can be attenuated, S-wave excitation should be dominant. Far-field displacements for earthquake waves are proportional to 1/v 3 , where v is the P or S velocity, so for a Poisson's ratio of 0.25, an S wave would carry roughly 15.6 times the energy of a P wave. For vertically incident waves on a flat, smooth interface, of course there is no conversion of S waves to acoustic energy in the water column, but at large incidence angles where more of the energy leaves the source (because the surface area where rays leave the focal sphere in any small range of incidence angle is proportional to the sine of the angle of incidence), the conversion of S-wave energy to transmitted acoustic energy can be more efficient than the transmission of P-wave energy (Fig. 13a) . In the frequency band of the T phases, S waves from microearthquakes recorded locally on OBSs or hydrophones typically have much larger amplitude than P waves.
In the following sections, we develop a very simple model to illustrate the importance of multiple reverberations and S waves in generating the T phase. We adopt the philosophy of de Groot-Hedlin and Ocrutt of treating the seafloor as an ensemble of scattering points that excite acoustic modes, but follow the energy in the acoustic waves converted from both P and S waves as it reflects back to the seafloor at the sea surface after the initial conversion. The model is illustrative only; it will require further development for general application to real topography, which would then automatically include effects such as downslope conversion.
Multiple-Reverberation Seafloor Scattering
In our model, we represent the seafloor in the source area as a flat, rough plane separating a uniform half-space from an overlying seawater layer. Figure 14 illustrates the basic idea for this model. Since the seafloor is rough, a small portion of the transmitted acoustic energy is scattered into horizontally propagating T phases when seismic energy crosses the seafloor interface. In this simple model, most of the acoustic energy continues to propagate nearly vertically toward the sea surface along the ray path expected for a flat, smooth interface. This part of the energy is reflected totally at the sea surface back to the seafloor. Then it is scattered and reflected again. This same process continues, and the acoustic waves experience multiple reverberations. Each time the acoustic wave is incident at the seafloor, part of the acoustic energy converts back to seismic energy and is transmitted out of the system into the lower medium, a small fraction is scattered into horizontally propagating T phases, and the rest is reflected back into the water column at steeper angles. The scattered, horizontally propagating T-phase energy spreads out cylindrically from different scattering points that behave like second sources and form the observed T-phase waveform.
We recognize that there is a continuum of intensity of scattered energy as a function of angle from horizontal (Fig. 14b,c) , but our arbitrary partitioning into horizontally scattered energy and energy that propagates along the ray path expected for a flat seafloor provides a reasonable, first approximation to illustrate the significance of multiple reverberations in the excitation of T phases.
Numerical Simulation
In generating a synthetic excitation function for the T phase, we take the source focal mechanism into account assuming a double-couple source. We assume spherical spreading for the seismic wave within the crust and employ a raytracing technique by dividing the spherical wave into a number of ray bundles with the same solid angle. Thus the energy of each ray bundle is only dependent on propagation orientation and can be determined using the formula of double-couple energy radiation pattern (equation 4-87 of Aki and Richards, 1980) .
Since both P and S waves can transform to acoustic waves when crossing the seafloor, we need take into account the energy ratio of the P wave to the S wave and the difference in radiation pattern of the two phases. We first calculate the energy envelope of the T phase converted from the P wave and S wave separately and then sum them together to form the predicted T-phase envelope. To compute the Tphase envelope shape, we need care only about relative value of the energy; the exact value only changes the amplitude and has no effect on the shape.
The body-wave (P-and S-wave) attenuation due to absorption within the crust is negligible since the source is very shallow and the propagation path of body wave within the crust is quite short. For a deep source, this attenuation energy loss should be subtracted from the energy of each ray.
The first step in computing the T-phase excitation is to calculate the energy transmission coefficient from seismic wave to acoustic wave at the seafloor interface and the energy reflection coefficient when acoustic wave is incident on the seafloor. We use the Ergin (1952) method to calculate these two coefficients. The presence of a thin veneer of sediment or slow layer 2A at the top of the crust may alter the details, particularly at high frequencies, but is neglected here. Figure 13a illustrates the transmission coefficient variation with incidence angle for a P wave and an SV wave incident at the seafloor against the seawater. The transmission coefficient of the P wave simply decreases with increasing incidence angle, whereas that of the SV wave is complex: first the value increases from zero to a local maximum before suddenly decreasing to zero at the critical angle for S-to-P reflection, after that, the value increases rapidly to a maximum and gradually decreases to zero at grazing incidence. Figure 13b shows the reflection coefficient of the acoustic wave at the seafloor. The value is almost constant when the incidence angle is smaller than the critical angle for the transmitted P wave. When the incidence angle is greater than the critical angle for the transmitted SV wave, the reflection coefficient is 1 and all acoustic energy is reflected back. At the free sea surface, we assume all acoustic energy is reflected. Thus, having the transmission and reflection coefficients and Snell's law, we can follow each ray trajectory in three dimensions and know the energy partition for each ray when it encounters the interface.
When the seismic waves cross the rough seafloor or the acoustic wave is incident on the seafloor, we assume a small, constant fraction (1%) of the acoustic energy is scattered to T-phase energy. This constancy of conversion, independent of angle slope of seafloor or direction to the receiver, is equivalent to de Groot-Hedlin and Orcutt's assumption that each scattering point can be regarded as a secondary pressure source that excites acoustic T-phase modes in simple proportion to the amplitude of the incoming waves. The relative excitation of different modes is dependent on the depth of the secondary source. If the seafloor is flat, the excitation value for each mode will be the same for all points and the ratio of scattered T-phase energy to incoming acoustic wave energy is constant. A small arbitrary conversion value is used in the calculation for T-phase shape, since the exact excitation value only changes the amplitude of T phase, not the shape, provided the fraction of energy converted to T phase is small compared to the fraction lost by transmission. Scattering into T-phase energy may be less efficient for the initial encounter of seismic energy with the seafloor than for subsequent reverberated energy, because the rescattering of singly scattered energy produces a more nearly isotropic energy distribution (Fig. 14b,c) and because the pressure variations at the seafloor are greater for the reflected phases, which are the sum of the downgoing and upgoing reflected waves. To take these effects into account in an approximate manner, we halve the conversion coefficient at the first encounter with the seafloor.
For each ray bundle, the T-phase energy is generated at multiple scattering points at different times corresponding to each time the ray crosses the seafloor or is incident on the seafloor. The T-phase energy that would be observed at a receiver from each scattering point is given by the product of acoustic energy remaining in the bundle and the constant conversion value, divided by the distance from the scattering point to a receiver (geometrical spreading correction). The travel time for scattered T-phase energy is the sum of three parts: the seismic travel time within the crust, the acoustic travel time within the water column, and the T-phase travel time from scattering point to receiver. To form the amplitude envelope for the T phase, we sum the T-phase energy within 0.1-sec bins according to the energy intensity of each bundle arriving in that interval.
Synthetic Envelopes
In our first example, we do not consider source focal mechanism or ray reverberation and only the P wave is included, corresponding to the de Groot-Hedlin and Orcutt (1999) equivalent model for a flat seafloor. In Figure 15a , the heavy line shows the computed T-phase envelope for this case. The duration of the envelope is relatively short, and the shape is symmetric about the peak energy. The short duration is the result of shallow source depth, since the shallow source excites only a small scattering area in the epicentral region. The symmetry is due to the flat seafloor and great epicentral distance. Since the scattering seafloor is flat and scattering is assumed to be omnidirectional, the predicted T-phase energy from each scattering point is symmetric about the epicenter. Thus, given the great epicentral distance of receivers relative to scattering area dimension, the distribution of distances from scattering points to receiver is symmetric and a nearly symmetric shape is predicted. This computation suggests the seafloor singlescattering model for a very shallow source cannot accurately predict the observed, asymmetric, long-duration T-phase envelope.
If we take reverberations into account, the predicted signal broadens and becomes more asymmetric. Even if only one reverberation (Fig. 15a) is considered in computing the T-phase energy envelope, the difference is obvious. When taking all the reverberations into account, the T-phase envelope has much more energy in the coda and it decays much more gradually compared to the no reverberation case. Since acoustic rays experience multiple reverberations in the water column before scattering at the near-horizontal angles that can generate T phases, a lot of the scattered T-phase energy arrives later and leads to slower decay. Figure 15b shows the T-phase shapes converted from the P and S waves for a strike-slip source with 6 km source depth. It shows that the T phase has much more energy converted from the S wave than the P wave. Figure 15c demonstrates the change of T-phase envelope shape with the source depth. As is shown, the deeper the source, the broader the computed T-phase shape, although most of the broadening takes place in the growth phase; the decay governed by reverberations changes little. Schreiner et al. (1995) report changes in rise time of the wave packet that they attribute to changes in source depth in an earthquake swarm associated with a dike injection. Changing the water depth or transmission loss through the seafloor will affect primarily the rate of decay of the envelope. Figure 15d shows the comparison of an observed Tphase envelope and a predicted envelope computed for a strike-slip source with 3 km water depth, 6 km focal depth, both P-wave and S-wave conversion, and all reverberations. The rapid growth, slower gradual decay, and overall duration of the T-phase envelope are accurately predicted by our model. In the later parts of the coda, the real envelope decays more slowly than our model. This difference is probably due to our arbitrary division of energy into undisturbed and horizontally scattered components. With a continuum of scattering angles, some of the reverberating energy will be incident on the seafloor beyond the critical angle for SV transmission, thus reducing transmission loss and decreasing the decay rate.
The main task of our study is not to synthesize the exact shape of the T-phase envelope. Instead, the purpose of this section is to show the significant role of multiple reverberation scattering in excitation of T phases. We propose a pos-sible physical model that predicts waveforms in good agreement with the observed waveforms and the empirical function we employed to describe the growth and decay of T-phase energy. In some more heavily sedimented areas, multiple reverberations may be less important as the velocity contrast at the seafloor will be reduced and attenuation within the sediment column increased. In these areas, a more symmetric excitation function would be expected (de GrootHedlin and Orcutt, 2001 ).
Our simple model could be improved by (1) incorporating real topographic relief and depth-dependent excitation of T-phase normal modes, (2) adding more realistic crustal structure that would modify the initial ray paths and the reflection and transmission coefficients, and (3) employing a more realistic, continuous scattering function that depends on the local seafloor roughness.
Summary
T phases can be recorded on OBSs and used to detect and locate small events. In a source region with relatively flat seafloor, the waveforms of T phases are primarily governed by the source depth, water depth, and multiple reverberations in the water column in the vicinity of the source. Subsequent propagation and receiver local scattering only have second-order influence on the shape of the T-phase envelope.
Fitting a functional shape to the log of the envelope of the T phases greatly improves the picking of the arrival times compared to simply picking the time of peak energy. In addition, this approach uses the entire signal and is less likely to be influenced by individual bathymetric features affecting the excitation of the hydroacoustic phase. Relative event locations of a foreshock/aftershock sequence using surface waves confirm that there is no apparent bias in relative locations based on T phase, at least in our example with relatively limited bathymetric relief.
By fitting a functional shape to the log of the envelope of the T phases, the T-phase peak amplitude of ocean events can be estimated more accurately. The detectable threshold is smaller for T phases than for surface waves. More than 50 events within a swarm of events on the Easter microplate can be detected using T phases, whereas only 24 events are detected with surface waves. We find that there is a linear relationship between the log of T-phase amplitude and surface-wave amplitude (M S ) for events from the swarm ranging in size from M S 2.5 to 4.8, indicating that T-phase amplitude can provide a reasonable estimate of earthquake magnitude and seismic moment of oceanic earthquakes. It can be used to estimate earthquake size and seismic moment of small oceanic events that are detectable only with T phases.
Using a multiple-reverberation seafloor-scattering model, the T-phase envelope for a relatively shallow event beneath a flat seafloor can be computed. The character of the T-phase shape, rapid growth followed by gradual decay, is predicted correctly. Multiple reverberation scattering plays an important role in T-phase generation and should be considered in excitation of T phases.
